Abstract-A reconfigurable lighting engine for widely used lighting models is proposed for low-power GPU shaders. Conventionally, lighting operations that involve many complex arithmetic operations were calculated by the shader programs on the GPU, which led to a significant energy overhead. In this letter, we propose a lighting engine to improve the energyefficiency by supporting the widely used advanced lighting models in hardware. It supports the BlinnPhong, Oren-Nayar, and Cook-Torrance models, by exploiting the logarithmic arithmetic and optimizing the trigonometric function evaluations for the energyefficiency. Experimental results demonstrate 12.7%, 42.5%, and 35.5% reductions in terms of power-delay product from the shader program implementations for each lighting model. Moreover, our work shows 10.1% higher energy-efficiency for the Blinn-Phong model compared to the prior art.
I. INTRODUCTION
As the graphics algorithms are evolving rapidly, traditional fixed function graphics pipelines suffer from accommodating novel graphics algorithms to support more realistic visual effects. In this trend, programmable graphics pipelines [1] are highlighted thanks to their flexibility to support for a variety of novel graphics algorithms by just reprogramming the shaders, numeric processors targeted for graphics algorithms, insides the pipeline. Most of the recent mobile GPUs implement this programmable graphics pipeline and thus a variety of graphics rendering effects are made possible on modern GPUs. However, the software implementation of graphics algorithms on the shaders incurs a significant power overhead for mobile GPUs, especially for the lighting operations which involve many of the complex arithmetic operations such as division, powering, and trigonometric function evaluations as well as a huge amount of computation. There was a study on accelerating the OpenGL standard Blinn-Phong (B-P) lighting model to improve the energy-efficiency by using logarithmic arithmetic [2] . However, it could not support the widely used advanced lighting models such as OrenNayar (O-N) and Cook-Torrance (C-T) models. The O-N model is popular for an advanced diffuse lighting to represent more realistic flat effects and the C-T is for an advanced specular lighting for metallic effects. Therefore, we propose a reconfigurable lighting engine to help the programmable shaders with an energy-efficient implementation of these three lighting algorithms. Proposed lighting engine exploits the logarithmic arithmetic and optimizes the trigonometric function evaluations for an energy-efficient realization of the advanced lighting algorithms. As a result, our lighting engine shows a higher energy-efficiency than the shader program implementations and prior art [2] .
II. ADVANCED LIGHTING MODELS
In 3D graphics, lighting operation determines the final pixel colors from the orientations of the light source, 3D object, and camera. In the fixed function graphics pipeline, the B-P model in (1) 
However, the B-P model does not account for the microfacet distributions on surfaces, which places limits on the accuracy of the model. In contrast, the O-N and C-T models in (2)-(3) describe a surface as a set of many tiny microfacets. The O-N model defines the directions of the microfacets as a random Gaussian distribution, so the enhanced diffuse lighting. In the C-T model, the Fresnel (F) term is included for the specular color to produce richer effects that more closely approximates real metals [3] . , , are as defined in Eq. (1) is the azimuth angle between the and
where 
All lighting equations presented in (1)- (3) involve a huge amount of computation and very complex arithmetic operations. They include division, powering, dot-product, and trigonometric function evaluations that consume a large amount of power and take a long delay. Therefore, we exploit the logarithmic arithmetic, well known for its efficient arithmetic operations [1] , to reduce the complexity of these operations and thereby power dissipation.
III. RECONFIGURABLE LIGHTING ENGINE
Overall architecture of the proposed reconfigurable lighting engine is shown in Fig. 1 . It is comprised of B-P, O-N, and C-T lighting units and pipelined into five stages. The entire design is based on the logarithmic arithmetic for an efficient realization of the three lighting Eqs. (1-3) . The input operands related with the material properties i.e. k a , k d , k s , A, B, and m 2 and the light source properties i.e. I a , I d , I s , K in (1)-(3) are pre-converted into the logarithmic domain on the host processor i.e. CPU as they remain invariants during the processing of an object and a frame, respectively. In adopting the logarithmic arithmetic, the addition gets non-linear in logarithmic domain, thus we change the computation order to take out the addition to the final step of the O-N and C-T equations to avoid the nonlinear function evaluations in the logarithmic domain. Consequently, Eqs. (2) and (3) are converted into (4) and (5), respectively. Based on this transformation, the additions in (4) and (5) are realized in the final E5 stage, as depicted in Fig. 1. ( )
1.0 Fig. 1 . The B-P model in (1) requires datapaths for ambient, diffuse and specular lightings while O-N and C-T models just need diffuse and specular paths, respectively. Thus, diffuse and specular paths of the B-P model are shared with O-N and C-T models, respectively, as marked in gray in Fig. 1 .
For more optimization of the O-N model, we transform the trigonometric expression of sin(α)ⅹtan(β) in (4) in terms of the cosine functions. Hence, it can be implemented using the dot-product which is easier but equivalent to the cosine function. Thus, we can convert the sin(α)ⅹtan(β) in (4) into (6).
( ) We avoid the division and square-root in (6) by using the logarithmic arithmetic and have (7). 
IV. EXPERIMENTAL RESULTS
The proposed reconfigurable lighting engine is implemented using 65 nm CMOS technology. The layout figure and characteristics are presented in Fig. 3 . It supports the three lighting models, i.e. B-P, O-N, and C-T models, and runs at 110 MHz operating frequency. It dissipates 19.6, 23.9, and 24.5 mW power for each lighting model at 1.2 V supply voltage. The results in [1] and [2] are normalized to the same technology for a comparison purpose, and summarized in Table 1 . The power-delay product (PDP) is reduced by 12.7%, 42.5, and 35.5% compared to the shader program implementations of the B-P, O-N and C-T models, respectively, based on the reports in [1] . We also compare this work with hardwired implementation regarding the B-P model reported in [2] , and it achieves 10.1% reduction in PDP.
V. CONCLUSIONS
An energy-efficient reconfigurable lighting engine is proposed for mobile GPU shaders. It exploits the logarithmic arithmetic and optimizes the trigonometric function evaluations for energy-efficient realization of the advanced lighting models such as the B-P, O-N, and C-T models. This work demonstrates 12.7%, 42.5%, and 35.5% reductions in PDP compared to the shader program implementations of the three lighting models, respectively. Moreover, we achieve a 10.1% reduction in PDP compared to the prior art.
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